Treatment-related myelodysplastic syndrome (t-MDS) and treatment-related acute myelogenous leukemia (t-AML) represent rare secondary events in patients with primary tumors of the nervous system and predominantly affect those treated with alkylating agents or topoisomerase II inhibitors. Temozolomide has become the standard chemotherapeutic agent for malignant gliomas. The emergence of this alkylating agent with little acute toxicity or cumulative myelosuppression has led to off-label protracted chemotherapy for many patients with malignant and even low-grade infiltrative gliomas, raising concern for increased risk of t-MDS/ t-AML in the few long-term survivors. On the basis of an extensive literature search, we provide a discussion of epidemiology, pathogenesis, clinical presentation, diagnosis, and therapy of these disorders. t-MDS/ t-AML remain rare complications of chemotherapy in patients with primary brain tumors, and the vast majority of patients die of their primary neoplasm. Prospective randomized studies with long-term follow-up are required to accurately assess the risk of t-MDS/t-AML; however, unless survival in the most common gliomas substantially increases, t-MDS/t-AML incidence will likely remain low in this patient population.
M yelodysplastic syndromes (MDS) are a heterogenous group of clonal hematopoietic stem cell disorders. MDS is distinguished from acute myelogenous leukemia by a peripheral or marrow myeloblast count of less than 20%. Although the majority of cases occur sporadically, 10% -15% are considered to be iatrogenic (t-MDS) in the context of therapy with alkylating agents, topoisomerase II inhibitors, or ionizing radiation (Fig. 1) .
Because of their ability to penetrate the bloodnervous system barrier and their intrinsic activity against a wide variety of nervous system neoplasms, alkylating chemotherapy agents have been a mainstay of nervous system tumor therapy. Temozolomide is an orally administered analogue of dacarbazine for which activity is mediated primarily via DNA methylation at the O 6 position of guanine. 1 It was approved by the US FDA for use in patients with relapsed anaplastic astrocytoma in 1999. On the basis of the results of a randomized, prospective trial, the drug is now considered to be the standard of care in conjunction with external beam radiotherapy after surgical tumor resection in patients with glioblastoma multiforme. 2 In addition, temozolomide is increasingly used off-label for patients with tumors associated with long-term survival, such as anaplastic oligodendrogliomas and clinically or radiographically progressive low-grade gliomas. 3 -7 Because the risk of t-MDS/t-AML after alkylating chemotherapy is dependent on the total dose, there is concern that, with increasing and prolonged use of temozolomide or other alkylating agents, especially in patients with more favorable outcomes, more cases of t-MDS/t-AML will emerge.
We provide a review of t-MDS/t-AML in patients with tumors of the nervous system treated with alkylator chemotherapy and discuss epidemiology, pathogenesis, clinical presentation, diagnosis, and therapy of these disorders.
Methods
We performed a comprehensive search of the PubMed database of the US National Library of Medicine with use of various combinations of the following search terms: myelodysplastic, glioma, glioblastoma, leuk(a)emia, myelogenous, t-MDS, MDS, brain neoplasm, temozolomide, AML, t-AML, and treatment complication. We identified well-documented case reports and small case series of patients who developed t-MDS and t-AML during or after treatment with alkylating chemotherapy for a primary brain neoplasm. We recorded the type of alkylating and other chemotherapy agents used, dose, concomitant or sequential irradiation, genetic predisposition, type of myelogenous tumor, cytogenetic findings, latency between completion of chemotherapy and diagnosis of t-MDS/t-AML, treatment, and outcome.
Epidemiology
Primary MDS is a disease that occurs in the older population (median age at diagnosis, 76 years), whereas t-MDS/t-AML affects younger adults. The overall incidence of primary MDS is estimated at 3-20 cases per 100 000 population. Among patients more than 70 years old, the risk is increased by approximately 10-fold, compared with the risk in individuals less than 60 years old. 8 No population-based data are available for t-MDS/t-AML, but it is estimated that 10% -15% of all MDS cases arise in patients exposed to chemoor radiation therapy administered for other tumors. The risk of t-MDS is therefore low but not negligible. t-MDS/t-AML arises substantially earlier than do other secondary malignancies. In clinical trials of alkylating therapy, the incidence has been 0.25%-1% per year beginning 2 years after the start of therapy and decreasing 7 years after the completion of therapy. Whether the specific therapy provided for the primary cancer is the main contributor or primary diagnosis is an independent risk factor for the development of t-MDS/t-AML remains unclear.
Few retrospective studies on the relative incidence of t-MDS/t-AML as secondary neoplasms in patients with primary brain tumors are available in the pediatric and only 1 in the adult oncology literature. In a Turkish series of 992 pediatric patients with brain tumors who were seen over 34 years in a single institution, MDS was encountered in 1 patient. 9 In a cohort of 1283 patients with brain tumors who were less than 22 years old and seen over the course of 18 years at St. Jude Children's Hospital, 2 patients developed t-MDS, and 1 patient developed t-AML. 10 Three of 198 children with central nervous system tumors treated as part of a clinical trial by the Pediatric Oncology Group developed t-MDS/t-AML. 11 In a meta-analysis of 7 randomized clinical trials for adult patients with brain tumors, Greene et al. identified 2 of 1628 individuals who experienced acute nonlymphocytic leukemia after carmustine chemotherapy. The risk of developing this complication was 24.6 times higher than expected, whereas in recipients of other chemotherapy, no leukemia cases were encountered. 12 Overall, the t-MDS/t-AML risk among patients with brain tumors is likely to be substantially lower than in patients with other primary neoplasms. 10, 11, 13 In addition, t-MDS/t-AML in patients with primary brain tumors is less common than in those with other secondary neoplasms.
14 According to a national registry, the estimated cumulative risk of developing a secondary neoplasm within 10 years after diagnosis of the first malignancy is 1.9% among children. 15 The median latency ranges from 1 to 17 years (median, 6.7 years). Hematologic malignancies are notable because of their short latency (median, 2 -6 years; range, 1-11 years). 16 -18 The cumulative risk for developing t-AML is 0.6% at 15 years. 17 t-MDS/t-AML is most frequently encountered after Hodgkin's disease, osteogenic sarcoma, acute lymphoblastic leukemia, nonHodgkin's lymphoma, and Ewing sarcoma. In a singleinstitution retrospective series of 112 adult patients with t-MDS/t-AML, the median time from initial diagnosis to t-MDS was 71 months (range, 7-331 months). t-MDS occurred in 51%, 55% of whom later experienced transformation to an acute leukemia. The most common primary neoplasms were Hodgkin's disease (26%), breast cancer (18%), and ovarian cancer (13%). 19 The 5-year cumulative risk of t-MDS/ t-AML after autologous stem cell transplantation for Hodgkin's and non-Hodgkin's lymphoma was found to be 4.2% in one series of 230 patients. 20 
Pathogenesis
Evolution of a secondary neoplasm reflects a complex pathogenetic process dependent on genetic susceptibility, including polymorphisms for drug metabolism, environmental factors, and treatment (exposure to ionizing radiation and mutagenic chemotherapeutic agents). 21 Studies on the individual leukemogenic Fig. 1 . Timeline of events from initial diagnosis of cancer to the onset of acute leukemia in a patient with anaplastic oligodendroglioma (see Table 1 , No. 33 for details of case). PCV, procarbazine, lomustine, vincristine; RT, radiation therapy. 
Cell of Origin
Myelodysplastic syndromes are clonal hematopoietic stem cell disorders, and t-MDS/t-AML represents a distinct category of these illnesses. 23 It has been suggested that marrow stem cells are particularly susceptible to the mutagenic effects of alkylating agents, because they are relatively deficient in O 6 -alkylguanine-alkyltransferase. About three-quarters of patients initially receive a diagnosis of t-MDS and then progress to t-AML over a median interval of 4 months. 22 
Chemotherapy
The chemotherapeutic agents most commonly implicated in the pathogenesis of t-MDS/t-AML are alkylating agents, such as melphalan, nitrosoureas (carmustine, lomustine, and semustine), procarbazine, or temozolomide, and topoisomerase II inhibitors (epipodophyllotoxins). Thio-TEPA, dacarbazine, dibromodulcitol, and cisplatin are also probably leukemogenic. Cyclophosphamide produces t-MDS less commonly. 19, 24 A higher risk appears to result from myeloablative regimens prior to stem cell transplantation, a treatment rarely used for patients with brain tumors. The risk of t-MDS/t-AML is related to the specific DNA-damaging agent, dose, duration of therapy, and increases as patients age. 3, 22 Alkylating agents produce t-MDS/t-AML with a latency of 5-7 years (median, 55 months) after exposure. 22 t-MDS/t-AML has been described after therapy of primary brain tumors with classic alkylating agents, radiation therapy alone, or combined chemotherapy and radiation therapy. From the literature, we identified 44 cases of t-MDS/t-AML after therapy of primary brain tumors (Table 1 ). There were 20 male and 18 female patients (gender not listed for 6) with a median age of 25 years (range, 0.25-69 years). The most common primary tumor was anaplastic astrocytoma (9), followed by diffuse astrocytoma (7), medulloblastoma, glioblastoma (6 each), and choroid plexus papilloma. Twenty-eight patients developed t-MDS, and 1 patient received a diagnosis of preleukemia. Of those, 13 progressed to t-AML. In 14 patients, t-AML was the first hematologic diagnosis and, in 1, acute nonlymphoblastic leukemia. The median interval from completion of initial chemotherapy to diagnosis of t-MDS/t-AML was 15.5 months (range, 0-92 months). Patients received the following alkylating agents as part of their therapy: lomustine, carmustine, nimustine, procarbazine, cyclophosphamide, or nitrogen mustard. Ten recipients of temozolomide developed t-MDS/t-AML 3,25 -27 after 3-25 cycles. Other agents used were vincristine, prednisone, cisplatin, carboplatin, methotrexate, 2,4-diamino-5, 4-dichloro-phenyl-6-methylpyrimidine, dactinomycin, thioguanine, hydroxyurea, doxorubicin, etoposide, teniposide, and 6-mercaptopurine.
It appears that patients with primary brain tumors treated with nitrosoureas develop t-MDS/AML at a shorter latency period than do those with other cancers, suggesting a synergistic effect with radiation therapy or a unique property of these alkylating agents. 3, 26, 28 Latency appears to be even shorter in children. 28 However, this may also simply reflect a selection bias (patients with normal latency die from the brain tumor prior to clinical manifestation of MDS).
Radiation Therapy
Radiation therapy adds to the risk of developing MDS conferred by chemotherapy. 29 Our literature review revealed the use of adjuvant irradiation in 34 patients who later developed myelodysplasia (partial [18] , craniospinal [11] , whole brain irradiation [5] , stereotactic radiosurgery [3] , and unknown [1] ) (Table 1) . t-MDS/ t-AML has also been described in individuals exposed to radiation only. 22, 30, 31 For example, Detourmignies et al. described a 12-year-old boy who developed acute promyelocytic leukemia after radiation for cerebral astrocytoma. 32 Risk may be correlated to the volume of exposed marrow. However, in Loening et al.'s series, the incidence of t-AML was independent from radiation exposure, whereas the overall risk of secondary neoplasms was higher in recipients of both whole brain radiation therapy and chemotherapy for childhood leukemia, compared with chemotherapy alone. 17 
Cytogenetics, Molecular Findings
There is a strong association between previous genotoxic exposure and karyotypic features. Unique cytogenetic changes of chromosomes 5 and 7 are present in 43% -87% of cases and particularly in patients treated with alkylating agents (Fig. 2) . These chromosomal abnormalities are detected in only 18% of patients with sporadic leukemia. 19,22,33 -36 Several subsets of genetic changes are known and include loss of the entire or part of the long arm of the chromosome. The critical region of the chromosome 5 deletion appears to include bands q23 to q32, 36 but target genes are unknown. The target of the chromosome 7 deletion is inactivation of the AML1 tumor suppressor gene. Abnormalities affecting chromosome 5 and 7 have been identified in patients treated with radiation therapy alone. 22, 37 The most common cytogenetic abnormalities identified in our literature review were structural alterations affecting chromosome 5 or 7. Balanced rearrangements Abbreviations: F, female; M, male; AA, anaplastic astrocytoma; ACNU, nimustine; AO, anaplastic oligodendroglioma; AOA, anaplastic oligoastrocytoma; BCNU, carmustine; BR, brain; CCNU, lomustine; CPC, choroid plexus papilloma; CSI, craniospinal radiation; CYC, cyclophosphamide; GBM, glioblastoma multiforme; HDMTX, high-dose methotrexate; IFXRT, involved field radiation therapy;
LGA, low-grade astrocytoma; MCNU, ranimustine; meCCNU, senimustine; PCB, procarbazine; PF, partial field; PNET, primitive neuroektodermal tumor; SP, spine; SRT, stereotactic radiation therapy; SRS, stereotactic radiosurgery; TMZ, temozolomide; WBRT, whole brain radiation therapy. involving chromosome 11 were reported in 4 patients (see also Table 1 ).
Genetic Predisposition
Second malignant neoplasm in patients with brain tumor may be based on genetic predisposition. Genetic abnormalities were found in 29% of patients afflicted with t-MDS/t-AML in the St. Jude series. 10 Examples for hereditary predisposition are Li-Fraumeni syndrome, mismatch repair deficiency based on biallelic mutations, neurofibromatosis type 1, Fanconi anemia, and Down syndrome. In our literature review, a genetic tumor predisposition syndrome might have played a role in the pathogenesis of t-MDS/t-AML in 4 patients (Li-Fraumeni syndrome confirmed in 2 and suspected in 1; neurofibromatosis, type I, in 1).
Various genetic polymorphisms of enzymes involved in the metabolism of chemotherapeutic agents have been implicated in the pathogenesis of t-MDS/t-AML (glutathione S-transferase [GSTP1 -Val], cytochrome P450 3A [protective], NAD[P]H:quinine oxidoreductase, and thiopurine methyl-transferase). 13 In addition, polymorphisms of genes involved in DNA repair (XRCC1) may increase susceptibility to t-MDS/ t-AML. 38 A polymorphism in the gene encoding glutathione S-transferase p (GSTP1; codon 105, heterozygous isoleucin-valine, or valine -valine) increases the risk of t-AML after chemotherapy by 2 -4-fold, especially when GSTP1 substrates (exampleg, cyclophosphamide, and adriamycin) are used. 39 
Clinical Presentation and Diagnosis
The clinical features of t-MDS/t-AML are a result of progressive bone marrow failure. Symptomatic anemia is the most common presentation, but easy bruising reflecting thrombocytopenia and repeated infections may also be prominent. Progressive macrocytosis may be an early indicator of MDS, but this finding is also seen during chemotherapy without t-MDS/t-AML. Organomegaly is an infrequent finding.
t-MDS is usually diagnosed after a bone marrow aspirate and biopsy are performed documenting the presence of dysplasia in the marrow (Fig. 3) . MDS is categorized into several entities depending on the number of cell lineages affected and the percentage of blasts present. The key morphologic entities encountered in t-MDS correspond to refractory cytopenia with multilineage dysplasia (RC-MD), refractory anemia with excess blasts-1 (RAEB-1; 5 to 9% blasts), and refractory anemia with excess blasts-2 (RAEB-2; 10 to 19% blasts). 23 Most t-MDS cases are of the RAEB type. 19 Patients with 20% or more blasts in the marrow or in the peripheral blood are categorized as having t-AML. 40 M1 and M2 AML are the most common therapy-related leukemia subtypes (French-American-British classification) and are associated with chromosome 5 and 7 abnormalities. M5 AML is associated with 11q23 (MLL) translocations. 
Treatment and Prognosis
Patients who develop t-MDS/t-AML are treated with supportive care, including transfusion of blood products and administration of antibiotics; 5-azacytidine, decitabine, and lenalidomide are approved for the treatment of selected patients with MDS in the United States.
Although the complete response rates with these compounds are relatively low, the agents have been associated with decreased transfusion requirements in specific populations of patients. 41 The available chemotherapy agents are not curative, however, and the only treatment with such potential is allogeneic hematopoietic stem cell transplantation. 42, 43 Studies of transplantation suggest a 20%-40% chance of long-term, disease-free survival. In performing allogeneic stem cell transplantation, total body irradiation is avoided as a conditioning regimen in prior recipients of ionizing radiation. 44 The optimal timing for initiation of such therapy and the optimal conditioning regimen and graft-versus-host-disease prophylaxis for transplant remain unknown. However, early transplantation may be advantageous in t-MDS/t-AML, particularly because of the relatively short duration of remission after conventional therapy. Remission induction and the inherent transplant-related mortality represent the biggest challenges. In a large single-institution series of patients with t-MDS/t-AML after systemic cancer therapy, disease-free survival at 4 years was 41%. 44 Options for patients without matched related donors include a matched unrelated donor, cord blood transplantation, 42 or haploidentical (mismatched family member) transplantation. New approaches to treatment include incorporation of histone deacetylase inhibitors (valproic acid or vorinostat) and combination of agents such as 5-azacytidine and lenalidomide. 45 Despite these interventions, the median survival with t-MDS is 9 months and 7 months for t-AML. Most patients die of bone marrow failure or progression of MDS into leukemia. Patients with chromosome 5 and 7 abnormalities have a worse prognosis than those without these cytogenetic abnormalities.
In our literature review, we found 12 patients with central nervous system tumors with t-MDS/t-AML who were treated with chemotherapy only and 6 who underwent allogeneic stem cell transplantation. Median overall survival was 3 months (range, 0 to .35 months).
Conclusion
Protracted administration of an alkylating agent must be undertaken with an understanding of the risk of longterm treatment complications. At present, this is most relevant for patients with anaplastic oligodendrogliomas displaying deletion of chromosome 1p and IDH1 or IDH2 mutation and low-grade gliomas whose median survival exceeds the latency period for myelodysplasia. There is variation in the risk of t-MDS/t-AML based on the specific therapeutic agent used and the adjuvant administration of radiotherapy. t-MDS/t-AML appears to be a rare event in patients with nervous system neoplasms, but at present, incidence data from prospective randomized trials are unavailable for any agent or ionizing radiation. Our comprehensive literature search has not yielded any data to suggest that the number of t-MDS/t-AML cases has been increasing in recent years. The major cause of premature death in patients with infiltrative brain tumors remains progression of their primary cancer. For long-term survivors, the risk of direct or indirect tumor complications (permanent neurologic deficit, seizures, intratumoral hemorrhage, and deep venous thrombosis) or short latency adverse reactions to treatment (myelosuppression, opportunistic infection, steroid myopathy, and radiation encephalopathy) are much higher than the t-MDS/t-AML risk. Thus, a change in current practice patterns, even if not always based on prospective randomized studies, does not appear to be warranted. However, it would seem to be timely to test the hypothesis that prolonged use of alkylating chemotherapy until tumor progression or unacceptable toxicity is superior to treatment with a fixed number of cycles.
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